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Abstract This work deals with the characterisation
and modelling of the curing process and its associated
volume changes of an epoxy based thermoset resin. Mea-
surements from differential scanning calorimetry (DSC)
define the progress of the chemical reaction. The re-
lated thermochemical volume changes are recorded by
an especially constructed experimental setup based on
Archimedes principle. Information on measuring proce-
dure and data processing are provided. This includes
investigations on compensation of environmental influ-
ences, long-term stability and resolution. With the aim
of simulating the adhesives curing process, constitutive
models representing the reaction kinetics and thermo-
chemical volume changes are presented and the model
parameters are identified.
Keywords Archimedes principle · curing adhesive ·
expansion and shrinkage measurement · thermoset ·
epoxy resin · real-time measurement
1 Introduction
Against the backdrop of the increasing demand for light-
weight construction, the importance of adhesives to a
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wide range of applications in all fields of engineering in-
creases steadily. Especially in the case of joining differ-
ent material classes, many conventionel methods, like
welding (for metals) or friction welding (for plastics)
fail to apply. Since methods like screwing, rivetting and
clinching cause high local stresses to a component and
in addition can represent a starting point to cracks,
often the joining by adhesives is given the preference.
Within the last years, the world wide production of ad-
hesives has significantly increased. The fields of applica-
tion has historically been enlarged and spans nowadays
not only aviation, automotive and railway engineering
but also the fields of mechanical engineering, eletron-
ics and mechatronics [6]. A very famous application of
adhesives is the construction of fibre-reinforced com-
pound materials, such as e.g. ARALL and GLARE. It
can easily be seen that there is a wide range of appli-
cations but, however, all these fields have in common
that they are subjected to one main disadvantage of this
material class: i.e. the accompanying volume shrinkage
during the curing reaction. This probably might be the
most challenging aspect to practical processing of ad-
hesives. There are chemically and technologically ways
to minimise this effect and, hence, reduce the concomi-
tants like risk of component distortion, formation of
cracks, delamination and residual stresses. Neverthe-
less, the stated effects do not vanish by any of these
efforts.
Consequently, there arises a need for its reliable
measurement and prediction to cope with curing related
shrinkage. Toward this end, [18] gives an comprehensive
overview on applicable methods. Most of them are lim-
ited to linear dimension changes or only account for
the total volume shrinkage at the end of the hardening.
However, if e.g. the production process of lightweight
components is to be simulated, like in [12], [15] or [3],
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exact knowledge of the adhesives properties throughout
the process is vital. When it comes to real-time mea-
surement, the fact that there is a phase change to the
material from liquid to solid within the curing process
limits the number of possible methods for detection.
Here, methods based on the immersion principle are
most promising. In [18] both the temperature control
as well as the handling of very small volume changes
are pointed out as crucial aspects to conduct a well
defined experiment.
Different works have dealt with the monitoring of
volume changing effects based on Archimedes princi-
ple, see for example [13], [11], [10], and [14]. A detailed
literature review on this topic is given in [16].
Within this article, thermochemical volume changes
of an epoxy resin are considered. Both experimental
characterisation as well as simulative results based on
phenomenological modelling are presented. First of all,
the curing process itself is characterised and modelled in
section 2. As pointed out in [7] measurements from dif-
ferential scanning calorimetry (DSC) are suitable to de-
fine the hardening progress. Here, the measuring prin-
ciple and a modelling approach for the simulation of
curing kinetics are outlined. Next, an especially con-
structed experimental setup based on Archimedes prin-
ciple is presented in section 3. It enables for the real-
time measurement of volume and density changes of
arbitrary materials. The setup includes two essential
features, i.e. the compensation of environmental influ-
ences via a dummy signal and the combination of two
different measuring systems. More precisely, changes in
buoyancy force are transformed into deflections of a
spring beam and into equivalent displacements of a con-
nected rigid bar. The applied combination of two mea-
surement systems (strain gauges and capacitive sen-
sors) with different measuring ranges allows for simul-
taneous detection of both the absolute volume as well
as thermochemically related, comparably small changes
of this volume. Investigations on resolution, long-term
stability and the compensation method are given sub-
sequently. Moreover, a procedural protocol to the real-
time measurement as well as mathematical relations for
the calculation of the density from measured signals are
deduced. Finally, the basic measure for the represen-
tation of the curing kinetics is employed to model the
thermochemically related changes in density or volume.
A comparison between experimental data and simula-
tion data is given in the end.
2 Curing reaction
It is vital for comparison of measurement and modelling
of the chemically related volume shrinkage to charac-
terise the curing reaction itself in first place. Since poly-
mers have been widely studied within the last decades,
they are well understood nowadays. This is both con-
cerning the applied experimental methods for charac-
terisation as well as for the modelling approaches. Thus,
only a brief summary of the underlying aspects with
corresponding literature references is presented below.
The polymer which is studied within in this article is
an epoxy resin based two component adhesive. It is a
cold-hardening system and hence a thermoset with a
comparably low glas transition temperature. The ongo-
ing reaction is a polyaddition. In [1] indications for the
duration of the curing reaction are included.
2.1 Reaction kinetics
In order to monitor the reaction kinetics of an epoxy,
several methods can be applied. Dynamic scanning ca-
lorimetry (DSC), fourier transform infrared spectros-
copy (FTIR), dielectric measurements and rheokinetic
measurements are pointed out in [7] and discussed in
detail. In [9] the DSC as an heat flow method is as-
certained to be the most widely employed technique to
characterise the progress of the curing reaction. Hence,
the curing process has been measured by employing this
experimental method analogously to the approaches de-
scribed in [11] and [14]. The reaction enthalpy can be
monitored by the evaluation of the heat flow difference
between a reference and a sample containing pan (with
a mass of about 5 − 8mg) over time while following
a prescribed temperature profile. First, a linear tem-
perature ramp is applied to the specimen in a so called
dynamic DSC-experiment. From this experiment the ul-
timate reaction enthalpy Hmax is obtained, which rep-
resents the amount of energy that is necessary to com-
pletely convert all of the reactants into the products.
Second, isothermal tests at different temperature levels
are conducted. Again the heat flow over time is recorded
and the enthalpy Hθi(t) for the set temperature θi(t) at
the current reaction time t is obtained via numerical in-
tegration. The ratio of the currently already converted
energy amount from the isothermal DSC to the total re-
action enthalpy from the dynamic DSC is called degree
of conversion, chemical coordinate or degree of cure. It
reads as follows:
q =
Hθi(t)
Hmax
with Hθi(t) =
t∫
0
(
dQθi
dt¯
)
dt¯ , (1)
wherein ddt¯Qθi is the rate of the released reaction
heat. Though not explicitly noted, the degree of cure is
a scalar time and temperature dependent variable taken
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values between zero and one for a not and a completely
cured material, respectively. For further details on the
evaluation of the recorded measures see e.g. [12] and
[9]. The work presented in this article includes results
from one dynamical and five isothermal DSC measure-
ments. A comparative illustration between experiment
and model is given in section 2.2. Next, some aspects
on the analytical description of reaction kinetics are
stated.
2.2 Degree of Cure
As previously mentioned the research on polymers is
already very comprehensively explored. It is e.g. in [16]
and [7], where extensive surveys on modelling approach-
es to (inter alia) the reaction kinetics of polymers can be
found. Moreover, [8] provides very detailed information
on the phenomenological modelling of the rate equation
of the investigated epoxy resin system. The time inte-
gration of this equation corresponds the degree of cure.
A similar approach to describe the reaction speed of
the considered material taken from [7] is applied within
this article. It is an ordinary differential equation and
often referred to as model of the reaction-order type (or
nth-order reaction model). It reads as follows:
dq
dt
= K1(θ) · (1− q)
n
· fD(q, θ) , (2)
in whichK1 is a proportionality factor with exponential
dependence on the curing temperature after Svante A.
Arrhenius (cf. [7], [8])
K1(θ) = K10 exp
[
−
E1
Rθ
]
, (3)
containing an pre-exponential activation factorK10, the
activation energy E1 and the universal gas constant R.
In Eq. (2) the function fD(q, θ) is also referred to as dif-
fusion factor, since it accounts for the abrupt decrease
in reaction speed when the developing glass transition
temperature of the material passes the current reaction
temperature and thus causes a change to a diffusion-
controlled reaction regime. Fournier et al. [4] proposed
an empirical approach
fD(q, θ) =
2
1 + exp
[
q−qend(θ)
b
] − 1 , (4)
containing a maximum attainable degree of cure qend(θ)
which depends on the current reaction temperature. It
can be calculated by employing the DiBenedetto rela-
tion (cf. [2]) which yields in the accordingly dissolved
form:
qend(θ) =
f(θ)
f(θ)− λ f(θ) + λ
. (5)
It includes the process dependent glass transition tem-
perature via:
f(θ) =
Tg(q)− Tg,0
Tg,1 − Tg,0
(6)
into the model. Subsequently, for isothermal processes
the assumption Tg(q) = θ + ∆T can be employed (cf.
[19]): Therein, ∆T denotes the difference between the
maximum glass transition temperature Tg(qend(θ)) at-
tainable at specific isothermal curing temperatures, and
the curing temperature θ itself. The glass transition
temperatures Tg,0 (uncured material), Tg,1 (completely
cured material) and the parameters λ and ∆T can be
determined directly from DSC-measurements as described
in [9]. The remaining parameters of the model (2) - (4)
are identified by application of non-linear optimization
methods in conjunction with the DSC measurement re-
sults. The identified parameter values are listed in Ta-
ble 1. A comparison of measurement results and model
predictions for the degree of cure at four different tem-
peratures is depicted in Fig. 1.
Table 1 Material parameters for Eqs. (2) - (6)
parameter value parameter value
K10 1.608 · 1010 Tg,1 324.85 K
E1 79835 J/mol Tg,0 234.35 K
b 0.057 ∆T 11 K
n 1.217 λ 1.7
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Fig. 1 Comparison of DSC measurements and the corre-
sponding modelling approach: evolution of the degree of cure
q for different temperatures θ
3 Thermochemical volume changes
The real-time measurement of chemical shrinkage and
heat expansion during the curing process of polymers is
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a challenging task. As discussed in [18] the knowledge
and control of the temperature is vital to successful
investigations. This is both due to the exothermic re-
action as well as a result of environmental influences.
The former implies the reduction in specimen volume
so the generated heat can effectively escape. Since a
progress including the materials phase change from liq-
uid to solid is considered, it is not possible to create
a geometrically defined specimen. Hence, the density
measurement based upon the immersion principle is the
only method to be applied. If the buoyancy force of
the specimen is to be utilized it naturally requires a
fluid of lower density. Considering the polymer samples
density is already comparably low (cf. [18]: low-density
material) there is little scope for a fluid generating a
large buoyancy force. Moreover, the expected relative
volume shrinkage constitutes only approximately five
per cent. Thus, in order to appropriately resolve the
expected small force change over time the sample vol-
ume should be chosen as large as possible, which is in
contrary to the requirements of an isothermal process.
Furthermore, the experimental setup should allow for
free volumetric changes without the build up of resid-
ual stresses. To satisfy the specified requirements, an
experimental setup based on Archimedes principle has
been developed. The specific test rig is presented in
section 3.1 and basic investigations on resolution and
long-term stability are given in section 3.2. In order to
identify the volumetric changes due to the curing pro-
cess at different temperatures, a specific measuring pro-
tocol was developed, which is explained in section 3.3.
Finally, in section 3.4 the test setup is applied for the
characterisation of thermochemical volume changes of
the considered epoxy resin and a simple phenomeno-
logical model is presented to simulate the observed be-
haviour.
3.1 Experimental setup
Figs. 2-4 introduce the experimental setup based on
Archimedes principle. In the following the numbers in
brackets also refer to those in Fig. 2. Immersion of the
specimen in the testing liquid with known density leads
to a detectable force difference between sample weight
and buoyancy, which is subjected to variation as the
volume of the specimen changes due to thermochemical
processes. In order to monitor this force difference, the
setup is equipped with two different measuring systems.
One of them is an interconnection of strain gauges to a
wheatstone full-bridge circuit (2), which is attached to a
vertical bending beam (1) with 1.5mm of thickness. On
top of the bending beam a centred rigid aluminium pro-
file (3) of about two metres of length is connected. The
movement of this pointer due to changes in buoyancy
force and the resulting varying deflection of the bend-
ing beam is recorded by the second measuring system,
a capacitive sensor (7) at the outer end of the profile.
Based on the idea presented in [17], these two differ-
ent measuring systems are combined in order to detect
both absolute density values as well as small changes
due to the curing process. This will be considered more
detailed in section 3.3.
From the capacitive sensor toward the centre, the
hook for the sampler and a precision heating plate (4)
carrying the container filled with fluid (5) for the sam-
ples immersion is arranged. During measurements, al-
most the entire space between the two opposing surfaces
of heating plate and measuring system (except the area
where the sampler is hooked to the pointer) is shielded
and isolated to keep the fluids temperature level ap-
proximately constant and reduce interferences due to
heat convection or radiation.
To account for environmental influences to the mea-
suring system, like changes in room temperature or air
convection and flow, the setup described above exists
once again in parallel. Thus, there are two identical
systems to record a measuring and a dummy signal.
For further evaluation, the difference of these two is
formed and thereby the mentioned influences are com-
pensated. No interaction between the two sides of the
system could be detected. This principle of compensa-
tion works very well for long-term processes as will be
demonstrated in section 3.2.
As a result of high rigidity and very small masses,
the system needs damping. For this purpose, both point-
ers include a distanced semicircular plate moving through
a fluid (dashpots (6)) for viscous damping. It is essential
to adjust the fluids viscosity within a certain range, to
not falsify the long-term movements due to the curing
process on the one hand, and to achieve a remarkable
damping to oscillations on the other hand. This aspect
is again considered in more detail in section 3.2.
Temperature has decisive influence on the curing be-
haviour, effects signals of the strain gauges and changes
the density of the fluid for sample immersion. To this
end, thermocouples are used to detect temperature of
the precision heating plate, the room temperature close
to the strain gauges at the vertical bending beams and
the fluid around the specimen. Latter was chosen to
be a silicon oil due to certain characteristics like den-
sity, viscosity and interaction with the sample. Since
the density of both components of the resin is slightly
larger than 1 g·cm−3 and the curing reaction leads to
further increase in density, a less dense silicon oil was
chosen. The thermal dependency of the fluids density
is mandatory to know for evaluating the samples den-
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Fig. 2 Schematic of the experimental setup for real-time volume shrinkage measurement during the curing reaction consisting
of: 1 . . .bending springs, 2 . . . strain gauges, 3 . . . rigid pointers, 4 . . .precision heating plate, 5 . . . specimen on sampler in silicon
oil, 6 . . .dashpots, 7 . . . capacitive displacement sensors, 8 . . .balance weights. Except for the specimen (5) there are two identical
systems in parallel to record a measuring and a dummy signal (see also Fig. 3 and 4). By calculating the difference of these
signals environmental effects like temperature changes or air flow are compensated.
Fig. 3 Mounting plate and spring bellow: no interaction
between the measuring and a dummy system could be de-
tected. — dies ist eine dummy-Zeile, da sonst die beiden
Abbildungen nicht gleich ausgerichtet sind
Fig. 4 Sampler, precision heating plate, two chamber
damping container (dashpots) and adjustable capacitive
sensors (isolation and shielding is removed for better vi-
sualisation)
sity like explained in section 3.3 and given by a linear
relation (manufacturer information):
ρfl(θ) = ρflref ·
(
1 + αthfl · (θ − θref )
)−1
. (7)
Herein θ is the fluids temperature, αthfl is the thermal
volumetric expansion coefficient and ρflref is the mass
density at a reference temperature θref . Parameters are
given in [5] and Table 2.
Since quasi-isothermal experiments should be run
and the observed process is an exothermic reaction,
Table 2 Material parameters for Eq. (7)
parameter value parameter value
ρflref 0.963 g · cm
−3 θref 298.13 K
αth
fl
9.4 · 10−4 K 1
not only the experimental setup but also the sample
itself need to be specifically adapted. Toward this end
the resin specimen was split into three partial volumes
which feature an appropriate ratio of surface to volume.
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Consequently, the generated heat will be conducted to
the silicon oil more efficiently. Fig. 5 shows three exem-
plary chosen specimen.
Fig. 5 Three chosen specimen for the measurement of volume
shrinkage during the curing reaction (dimension: [mm]).
In addition, the sample holder was coated with the
silicone oil prior to each measurement, which should
allow a free volume shrinkage without the build-up of
residual stresses. The amount of the total sample vol-
ume was chosen in a way that almost the entire sig-
nal range of the capacitive sensor is utilized during
the curing reaction. The average sample weight out of
25 conducted experiments (five repititions per temper-
ature level) was m = 1.61 ± 0.15 g. Upon immersion
of the prepared sample into the testing liquid, a rota-
tional movement from the vertical to the horizontal is
performed since the formation of interfering air bubbles
should be avoided. No evidence of air bubbles was found
during the measurements, in the fully cured samples or
within the results.
3.2 Measurement characteristics and preliminary
experiments
Based on the measuring task some considerations on the
concomitant requirements to the experimental setup
are given hereunder. Comparable to the DSC (cf. sec-
tion 2.1) the specimen needs to be as small as possible
in order to diminish the impact of the reaction heat
and to achieve an homogeneous temperature distribu-
tion in the specimen. Consequently, both a small spec-
imen mass as well as a sample shape allowing for good
heat transport (see Fig. 5) minimises the heating re-
lated error of the experimental method.
Naturally, there are limitations to reducing the mass
of the specimen due to measurement precision of the
experimental setup. During the development process of
the test rig a specimen mass of 2 g was found to be ad-
equate in order to fulfil the measuring task. Since the
density of specimen and fluid for immersion are roughly
the same with a value of approximately 1 g·cm−3, and
the shrinkage of epoxy resin is in a range of about 5%,
it can be estimated that a change in force of about 1mN
has to be measured. In order to resolve this change
into at least 100 steps, the long-term stable measure-
ment resolution should be at least 10µN. This theoret-
ical considerations can be compared to results obtained
from specific preliminary experiments which analyse
the characteristics of the presented experimental setup.
For this reason, the conversion factors for the sen-
sors were determined first. These factors convert a sig-
nal change of either the capacitive sensor or the strain
gauges into an equivalent force. There was no detectable
difference between factors for the measuring pointer on
the one hand and the reference pointer on the other
hand. Hence, there is one factor for each sensor type.
The factors can be determined from the equation
∆F = Ki ·∆Si , i = sg, cap, (8)
where ∆F , Ki and ∆Si are equivalent force change,
conversion factor and corresponding signal change, re-
spectively. The identified values are given in Table 3.
Table 3 Conversion factors for converting the signal changes
of strain gauges (sg) and capacitive sensors (cap) into an
equivalent force
factor value factor value
Ksg 0.553mN·V·µV−1 Kcap 0.164 mN·V−1
Next, an assessment on resolution and stability can
be achieved by a load free measurement over a compara-
bly long time interval only subjected to environmental
influences as depicted in Fig. 6. Here, only the capac-
itive sensors are considered, since they are responsible
to measure the long-term stable signal (cf. section 3.1).
It shows four graphs measured over a period of twelve
hours with the sampler being immersed but not con-
taining a specimen. One signal is obtained from the
measuring pointer (meas) and one from the reference
pointer (ref) — (compare the experimental setup in
section 3.1). These two are subjected to environmental
influences, which cause oscillations and long-term de-
viations from the theoretically constant value (drift) of
about 41µN. Building the difference between these two
signals the environmental effects nearly vanish from the
signals. The corresponding graph (diff) varies in a range
of approximately 16µN. Additionally, a mathematical
filter with Gaussian distribution of the weighting fac-
tors within a time range of ± 45 s around the support-
ing point is applied. The resulting slightly smoothed
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Fig. 6 Long-term stability and resolution of the capacitive
sensors: by employing both the compensation principle (dif-
ference between measuring and reference signal) as well as
the mathematical filtering of oscillations (smoothing) the the-
oretically constant signal stays within a measuring corridor
of 10µN (converted from voltage). This value coincides the
required resolution based on theoretical considerations (see
text).
signal (filter) now exhibits variations of 10µN which
corresponds the desired resolution based on the theo-
retical assumptions presented in the text above. This
behaviour could be demonstrated in multiple experi-
ments with partially even longer time periods for mea-
surement. Hence, the experimental setup is suitable to
measure the volume shrinkage since the demanded res-
olution and long-term stability are given.
Fig. 7 shows the long-term behaviour of the test
rig without the sampler beeing attached to it. Two dif-
ferent constant forces have been applied temporary by
placing small weights (50mg, 100mg) on the measur-
ing pointer. Linear behaviour is given and the compen-
sation of environmental influence works properly and
as intended. The mathematical filter reduces the over-
shooting at the time points with abrupt signal changes.
It can be concluded, that the measuring properties
were proved to show a long-term stable behaviour for at
least twelve hours (cf. Fig. 6 and 7), which is sufficient
since the conducted experiments only lasted four hours.
Further preliminary experiments have been conduct-
ed. For one of them the measurement system was com-
pletely blocked. It proved the signal drift of the capac-
itive sensors to be one magnitude smaller than the de-
sired resolution. Hence, this effect is negligible. Swelling
tests had been conducted at measurement conditions
and did not show any influence to the specimen. The
viscosity of the damping fluid had been adjusted in
a way that there is no viscous behaviour superimpos-
ing the volume shrinkage of the adhesive (this time-
−1.1
−1
−0.9
−0.8
−0.7
−0.6
−0.5
−0.4
−0.3
−0.2
−0.1
 0
 0.1
 0  2  4  6  8  10  12  14  16  18
Eq
ui
va
le
nt
 fo
rc
e 
[m
N]
Time [h]
meas
ref
diff
filter
Fig. 7 Long-term behaviour of the test rig with temporary
applied constant loads: the setup shows linear behaviour, the
compensation of environmental influences (like temperature
changes and air flow) works properly and the mathematical
filter (smoothing) reduces the overshooting effects.
dependent effect depends on the scale of the investi-
gated force differences). Actually, the viscosity of the
employed silicon oil was decreased to such an extent
that there is now a fading oscillation on the onset of an
abrupt load change over a short period of time (com-
pared to the curing time) which, however, is taken into
account by the mathematical filter (smoothing). This
is one aspect within the following section 3.3.
3.3 Procedural protocol and calculations
It is essential to work very accurate and follow a specific
procedural protocol to calculate the density or volume
of the specimen from the data sets. The proposed pro-
cedure reads as follows:
1. Set up reference state: Ssg = 0, S˜ sg = 0, S˜ cap = 0
2. Start measurement with time zero: t = t0
3. Begin adhesive application i.e. mixing the two com-
ponents of the resin: t = t1
4. Measure weight of specimen: ms
5. Place specimen on sampler and attach it to the ex-
perimental setup: t = t2
6. Positioning of the capacitive sensor at the measuring
beam: t = t3, Scap(t3) = 0
7. ... curing reaction for the desired time range (4h) ...
8. Remove sample and measure resulting signal change
at measuring beam: t = te, Sabs(te) =
Ssg(t = te + 0)− Ssg(t = te − 0)
Herein, S and S˜ are the measuring signal from the mea-
suring and the reference pointer, respectively. Abbrevi-
ations are used for indexing of strain gauges (sg), ca-
pacitive sensors (cap) and absolute value (abs).
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It is essential to point out that at the beginning of
each experiment the specimen has ambient tempera-
ture (25 ◦C) independant of the experimental temper-
ature. This is due to practical reasons. Since the com-
plete setup is not subjected to this experimental tem-
perature there will always be a period of time while pre-
pairing the specimen at whichs end its current temper-
ature and degree of cure are undefined. This is specif-
ically problematic for higher temperature levels where
the curing reaction proceeds very fast. Accordingly the
initial state of the specimen by terms of temperature
and degree of conversion is very well defined by the ap-
plied method. This is also taken into account in the
modelling (see section 3.4). Nevertheless, it is yet not
that well defined as the state of the curing reaction and
specimen temperature at the end of the experiment (af-
ter four hours), since the latter has homogenised due to
the former being subsided. Hence, this point in time is
used to determine the absolute value of the specimen
density as can be seen from the last bullet of the pro-
cedural protocol.
As indicated in section 3.1 there are two types of
sensors with different properties at each pointer. In or-
der to finally obtain the desired results for both the
absolute density values as well as its affiliated, compa-
rably small changes due to thermochemical processes
the specific advantages of each measuring system has
to be extracted.
On the one hand the strain gauges can monitor ab-
solute values but is subjected to long-term signal drift.
Its stability is not given within the magnitude desired to
detect. On the other hand it is shown in section 3.2 that
the capacitive sensors comprise the required resolution
and long-term stability. However, an optimal resolution
of the curing graph can only be achieved if their mea-
suring range of about 0.3mm is fully exploited by the
pointers movement only due to curing related volume
changes. That is of course at the same time, the mea-
suring range is exceeded by movement of the pointer
due to the buoyancy force upon immersion of the spec-
imen itself (since volume changes only cover 5% of the
absolute displaced volume). To overcome this insuffi-
ciency the principle of the work of [17] is applied. It
is based on the idea that the measuring pointer upon
the sample being attached immerses into the measuring
range of the capacitive sensor such that it can now be
employed to monitor the smaller volume changes due
to curing. Virtually, this means the capacitive sensors
position is adjusted to the appropriate distance after
the sample is attached (compare to bullet six of the
procedural protocol). After four hours the final value of
its signal is set to be the reference value of the course
(set to zero). It now functions as supporting point for
the addition of the corresponding equivalent forces of
the absolute value from the strain gauges signal (also
measured after four hours) and the associated relative
signal change from the capacitive signal.
In order to better understand the principle of evalu-
ation of the measuring signals a short theoretical deduc-
tion for the calculation of the specimens density is given
hereunder. Starting point is the comparison of the mea-
suring signal (regardless of which measurement system
is considered) with the specimen being on the sampler
or not. This signal difference is equivalent to the force
difference between the samples weight and buoyancy
(for conversion factors see section 3.2).
Fres(t) = Fmeas(t) = Fg − Fb(t) . (9)
Using a precision balance and assuming constant mass
the gravity force Fg is easily determined with a con-
stant gravitation of g = 9.81m·s−2. In section 3.2 it
was indicated that no changes in sample mass due to
swelling could be detected. The measured force is a sum
of an absolute value taken from the strain gauge at a
certain point in time tx and a relative value obtained
from the capacitive sensors.
Fmeas(t) = Fabs(tx) + Frel(t) . (10)
As mentioned above the absolute density can not reli-
ably be determined at the beginning of the experiment
due to practical handling. Hence, the value of the strain
gauge at the end of the experiment Sabs(te) after four
hours (t = te = tx) is used to calculate the absolute den-
sity of the specimen. That means the sample needs to
be removed from the sampler due to signal changes ow-
ing to curing and drifting (compare bullet eight of the
procedural protocol). Taking into account that the sig-
nal difference of the capacitive sensors Scap(t) needs to
be shifted by the value reached after four hours Scap(te)
it yields
Fmeas(t) = Sabs(te) ·Ksg+(Scap(te)−Scap(t)) ·Kcap ,
(11)
where Ksg and Kcap are the factors presented in sec-
tion 3.2. Assuming the sample volume Vs to be identical
to the volume of the displaced fluid at each time, the
volume of the specimen can be calculated via
Vs(t) =
1
ρfl(θ)
(
ms −
1
g
· Fmeas(t)
)
. (12)
Herein ρfl(θ) is the temperature dependent fluid den-
sity (given by Eq. (7)) andms the mass of the specimen.
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It follows for the sample density
ρs(t) = ρfl(θ)
(
1−
1
msg
· Fmeas(t)
)
−1
= ρfl(θ)
(
1−
Fmeas(t)
Fg
)
−1
.
(13)
Evaluation of experimental data following Eq. (13) is
achieved by macros. Off-set values, smoothing and av-
eraging is considered there. The results are compared
to simulations and presented including the modelling
approach within the next section 3.4.
3.4 Results of the experiments and simulation
The experimental setup which is described and char-
acterised within the previous sections 3.1 to 3.3 is em-
ployed to measure the adhesives chemically related vol-
ume shrinkage at certain isothermal temperature levels,
which are 25 ◦C, 35 ◦C, 45 ◦C, 55 ◦C and 65 ◦C. The
curing reaction of the investigated material is recorded
for four hours. This was found to be a time range af-
ter which the curing is completed or at least has turned
into a diffusion controlled reaction (cf. Fig 1). Five mea-
surements at each temperature are conducted after the
procedural protocol given in section 3.3. Subsequently,
the data is subjected to the mathematical filtering (with
Gaussian distribution) as described in section 3.2. Fi-
nally, the average of the five data sets per temperature
level is formed and depicted in Fig. 8 (dashed lines).
Based on the modelling approach for the progress of
the chemical reaction deduced in section 2.2 an ansatz
describing the temperature and degree of cure depen-
dent volumetric changes is formulated. It reads as fol-
lows:
JθC(θ, q) =
˜̺̺
= exp
[
αθ
(
θ − θ˜
)
+ βq q
]
. (14)
Dissolved for the specimens density it yields:
̺(θ, q) = ˜̺ · exp [αθ ( θ˜ − θ )− βq q] . (15)
Herein, ˜̺ and ̺ is the reference and current specimen
density, respectively. The model parameters are αθ and
βq, which can be interpreted as a volumetric heat ex-
pansion coefficient and the maximum volumetric chem-
ical shrinkage. Within Eq. (14) and (15) the functions θ
and q are time dependent. The former can be included
from any arbitrary process and the latter (also depen-
dent on this temperature) is numerically calculated on
the basis of Eq. (2). Numerical treatment of the analyt-
ical models and the data processing for Eq. (1) and (12)
or (13) is not considered within this article. Parameter
identification was conducted via the solution of a least
squares problem through nonlinear optimization tech-
niques. The corresponding results are given in Table 4.
Table 4 Material parameters for Eq. (15)
parameter value parameter value
θ˜ 295 K
αθ 5 · 10
−4 K 1 βq −0.053
Fig. 8 depicts the results of the real-time develop-
ment of the specimens density due to the curing reac-
tion. The experimental curves (dashed) and the graphs
from the simulation follow upon numerical treatment
of the Eq. (13) and (15), respectively.
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Fig. 8 Volumetric changes due to curing: comparison of ex-
perimental data (dashed) and simulation data for different
time-temperature regimes. Both graphs are obtained after nu-
merical treatment of Eq. (13) and (15).
It can be seen from Fig. 8 that the density at the end
of the experiment does not line up in a linear manner.
This could be expected due to the different tempera-
ture levels. The solution to this can be found in Fig. 1
on page 3. Since, the curing turns into a diffusion con-
trolled reaction when the materials glas transition tem-
perature increases the current experimental tempera-
ture, the degree of cure stagnates at a certain value.
For this reason, the specimens shrinkage will stop at an
intermediate state. Hence, the density for the samples
cured below 45 ◦C is not fully developed in the sense of
a completed chemical reaction.
4 Summary
Within this article, the experimental determination and
modelling of thermochemical volume changes of an epoxy
based adhesive is presented. The main focus is the espe-
cially constructed experimental setup based on Archi-
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medes principle. The parallel construction for the com-
pensation of environmental influences and the combi-
nation of two different sensor systems in order to deter-
mine both the absolute sample density as well as small
changes due to chemical shrinkage with an appropriate
resolution are two characteristic features and proved to
function very well. A procedural protocol and corre-
sponding calculations are provided to enable the reader
to comprehend measurement, subsequent data process-
ing and evaluation of the density. Due to the compar-
ative simulation of the volume shrinkage process, the
curing reaction itself has to be captured. differential
scanning calorimetry (DSC) are employed to define the
progress of the exothermic reaction. Phenomenological
models to represent reaction kinetics and the thermo-
chemically related isotropic volume changes are given.
For purposes of comparability with the experiments,
material parameters are identified and the results are
depicted.
In the future, different material systems will be stud-
ied with the presented experimental setup. Toward this
end, the extension to higher temperature ranges repre-
sents an important aspect.
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